In this study, Al-doped ZnO ͑AZO͒ and Ni/AZO films were deposited on p-type GaN films followed by thermal annealing to form ohmic contacts. After thermal annealing, the resistivities of AZO films reduced from 5 ϫ 10 −3 to 4-6 ϫ 10 −4 ⍀ cm. Both as-deposited AZO and Ni/AZO contacts on p-GaN displayed a non-ohmic characteristic. Only the 800°C-annealed Ni/AZO contacts exhibited a linear current-voltage characteristic, showing a specific contact resistance of around 1.2 ϫ 10 −2 ⍀ cm 2 . After undergoing the annealing in nitrogen ambience, the light transmittance of the Ni/AZO films increased from 70% to higher than 90% in the visible range. These results revealed that the Ni/AZO contact can serve as a suitable transparent current spreading layer for the fabrication of GaN-based light-emitting devices. Reliable and transparent contact layers are essential elements used in the development of high-brightness, GaN-based light emitting diodes ͑LEDs͒. Hitherto, bilayer metallization, such as Ni/Au, 1 and Pt/Au, 2 have been the subject of extensive research and investigation. In order to enhance the light-extraction efficiency, the Ni/Au thin film serving as anode electrode is commonly annealed in oxygen-containing ambient to form a low-resistivity and semitransparent ohmic contact to p-GaN. 3 In general, the transmittance of such semitransparent contacts is only around 60-75% in the visible region and lower than 60% in the ultraviolet ͑UV͒ region. Thus, in order to further improve the light-extraction efficiency of LEDs, high-transparency and low-resistivity top contact layer, such as indium tin oxide ͑ITO͒, 4,5 is necessary. However, the ITO films in direct contact with the p-GaN layer, showed a non-ohmic currentvoltage ͑I-V͒ behavior even after thermal annealing.
Reliable and transparent contact layers are essential elements used in the development of high-brightness, GaN-based light emitting diodes ͑LEDs͒. Hitherto, bilayer metallization, such as Ni/Au, 1 and Pt/Au, 2 have been the subject of extensive research and investigation. In order to enhance the light-extraction efficiency, the Ni/Au thin film serving as anode electrode is commonly annealed in oxygen-containing ambient to form a low-resistivity and semitransparent ohmic contact to p-GaN. 3 In general, the transmittance of such semitransparent contacts is only around 60-75% in the visible region and lower than 60% in the ultraviolet ͑UV͒ region. Thus, in order to further improve the light-extraction efficiency of LEDs, high-transparency and low-resistivity top contact layer, such as indium tin oxide ͑ITO͒, 4,5 is necessary. However, the ITO films in direct contact with the p-GaN layer, showed a non-ohmic currentvoltage ͑I-V͒ behavior even after thermal annealing. 5 In order to eliminate this behavior, a Ni layer was inserted between the ITO film and p-GaN layer to improve electrical properties. 6 Aluminumdoped zinc oxide ͑AZO͒ is a well-known wide-bandgap material. It has good potential for utilization in transparent contact layers. Song et al. 7 reported that Ni/AZO bilayer contacts deposited onto p-type GaN followed by thermal annealing in ambient air could possess linear I-V characteristics, but the light transmittance was only about 76% with wavelengths in the range of 400-550 nm. Jung et al. revealed that significant increase in resistivity could be observed in the O 2 ambient annealed AZO films. 8 The increase could be attributed to the reduction of oxygen vacancies ͑V O ͒. 8 The increased resistivity can enhance the current crowding effect when utilized as p-type contacts of GaN-based LEDs. In this study, the AZO and Ni/AZO schemes were deposited on p-GaN followed by nitrogen ambient thermal annealing to form high-transparency and lowresistivity ohmic contacts.
Experimental
The wafers used in this study were all grown on c-face sapphire ͑0001͒ substrates by metallorganic vapor phase epitaxy ͑MOVPE͒. The Mg-doped GaN films with a thickness of 1 m were grown on a 2-m-thick GaN template followed by a N 2 -ambient thermal annealing required to activate Mg and thereby produce p-GaN films. Then AZO ͑230 nm͒ and Ni ͑5 nm͒/AZO ͑230 nm͒ layers were deposited onto the p-GaN films. The Ni films were first deposited by an electron-beam evaporator. Then the AZO films were deposited by dc sputtering at room temperature using a ZnO target containing 2% Al 2 O 3 . The samples were then annealed at 600-800°C for 1 min at N 2 ambient in a rapid thermal annealing system. The Ni ͑5 nm͒/Au ͑10 nm͒ contacts were also deposited on p-type GaN films for comparison. After deposition of Ni/Au bilayer metallization, the samples were annealed at 550°C in air for 5 min. To measure specific contact resistance, the transmission line method ͑TLM͒ was employed to evaluate the p-GaN/AZO and the p-GaN/Ni/AZO samples. Current-voltage ͑I-V͒ measurements were performed using an HP4156C semiconductor parameter analyzer. The AZO, Ni/AZO, and Ni/Au films were also deposited on the sapphire substrate to determine transparency and crystal quality with the help of transmission spectroscopy and X-ray diffraction ͑XRD͒ analysis, respectively. The transmission spectroscopy was measured in the range of 370-700 nm using a Perkin Elmer Lambda 40 spectrometer. The XRD analyses were performed using a BEDE D1 system X-ray diffractometer featuring a conventional X-ray unit with a copper anode.
Results and Discussion
According to the X-ray spectra, only one peak corresponding to the ͑002͒ plane was observed ͑not shown͒ for all samples, indicating that the AZO films used in this study were exhibiting high c axis orientation. As shown in Fig. 1 , the full width at half maximum ͑fwhm͒ of the XRD rocking curve decreases with increase of the annealing temperature, indicating that annealing at high temperature can improve the crystal quality of AZO films. The crystal quality enhancements can be due to the recrystallization that occurred during the annealing process. Small crystallites coalesced together to form larger crystallites. 9 In Fig. 1 , the resistivity of AZO films was also presented as a function of annealing temperature. The resistivity of AZO films reduced from 4 ϫ 10 −3 to 4-7 ϫ 10 −4 ⍀ cm after thermal annealing at temperatures above 600°C. Table I shows the results of Hall measurements of the AZO films. The mobility increased markedly in the process of annealing when the annealing temperature was not higher than 600°C. However, no significant changes were observed in carrier concentration. Our findings are consistent with the X-ray photoelectron spectroscopy ͑XPS͒ result ͑not shown here͒, revealing that the oxygen percentage did not change after the thermal annealing. These results indicate that the reduction of resistivity does not occur due to the increase of V O ͑oxygen vacancy͒ concentration but is attributed to the increase of mobility, which is a result of the grain size growth after the thermal annealing. In our study, the 230-nm-thick AZO films showed sheet resistance ranging from 20 to 30 ⍀/ᮀ. These values were higher than those displayed by 230-nm-thick ITO films with sheet resistance of around 10 ⍀/ᮀ. Application of AZO films as the p-type electrode in a GaN-based LEDs, requires further reduction in the sheet resistance of AZO films to enhance the current spreading effect and hence, the light output. As shown in Fig. 1 , the resistivity of AZO increased slightly as the annealing temperatures reached a mark of 800°C. Therefore, the annealing temperatures of p-GaN/AZO and p-GaN/Ni/AZO samples used for TLM measurements were limited to 800°C in the following experiments. Figure 2 shows typical light transmittances of AZO, Ni/AZO, and oxidized Ni/Au films on a sapphire before and after thermal annealing under different conditions. Both as-deposited and annealed AZO films exhibited high transparency in the wavelength range of 400-700 nm. The annealed AZO films showed high transparency even at the UV region. The transmittance of 800°C-annealed AZO films at 370 nm was equal to 92%. For the asdeposited Ni/AZO films, the transmittance was only about 70% in the wavelength range of 400-700 nm. Recorded transmittance was still higher as compared to oxidized Ni/Au films, where light transmittance was only about 55-70% in the visible range. No significant improvements could be observed in Ni/AZO films after annealing at 600°C. However, after annealing at 800°C, the transmittance of Ni/AZO film was highly improved, reaching 90% in the visible range. The enhancement of transmittance can be explained by the formation of NiO x at the Ni/AZO interface. 7 Figure 3 shows typical I-V characteristics of AZO, Ni/AZO, and Ni/Au films on p-GaN examined by TLM. With the exception of the 800°C-annealed p-GaN/Ni/AZO samples and 550°C-annealed p-GaN/Ni/Au samples, all other samples showed rectifying I-V characteristics. The 800°C-annealed p-GaN/AZO contacts still exhibited nonlinear I-V characteristics, although the characteristics were much better than those of as-deposited, 600°C-annealed, and 700°C-annealed p-GaN/AZO samples. The measured results were similar to the measurements of ITO contacts on p-GaN. 5 Such findings suggest that although the AZO contacts exhibited excellent transmittance in the range of 370-700 nm, they are not suitable for use as the p-type contact material of GaN-based devices due to the poor I-V characteristics observed from AZO contacts on p-type GaN. However, this problem can be resolved by applying a heavily doped n + layer on p-type GaN to form the tunneling junction. 10 In this study, specific contact resistance of Ni/AZO contacts on p-GaN was estimated to be around 1.2 ϫ 10 −2 ⍀ cm 2 , being higher than that of Ni/Au contacts on p-type GaN.
In this study, typical specific contact resistance of Ni/Au contacts on p-type GaN was estimated to be around 1 ϫ 10 −3 ⍀ cm 2 . The Ni/AZO contacts on p-GaN with very low contact resistance of around 6 ϫ 10 −6 ⍀ cm 2 have been reported earlier by Song et al. 7 The huge difference between Song's results and our experimental outputs can be attributed to the high resistivity of p-GaN and AZO films. The resistivity and hole concentration of the p-GaN used in this study were 20-30 ⍀/ᮀ and 2 ϫ 10 17 cm −3 , respectively. The hole concentration was somewhat lower than that of value reported by Song 7 ͑5 ϫ 10 17 cm −3 ͒. However, we can expect that specific contact resistance of AZO-based contacts on p-type GaN can be lowered if the resistivity of AZO can be reduced further. The AZO and Ni/AZO films annealed at a temperature range of 600-800°C for 1 min showed only a slight difference in sheet resistance, as presented in Table I , yet at the same time a big difference could be observed in the I-V characteristics of the films deposited on p-GaN. One possible reason explaining the noted difference is that Ga atoms, when annealed at 800°C, diffused into the AZO film and produced Ga vacancies ͑V Ga ͒ near the surface of the p-GaN. This acceptor-like V Ga may result in an increase of hole concentration at the surface of p-GaN. 11, 12 In order to investigate interfacial reactions between the GaN, Ni, and AZO films, XPS examinations were performed on the as-deposited, 600°C-annealed, and 800°C-annealed samples. Figure 4 shows typical Ni 2p core-level peaks detected in the p-GaN/Ni/AZO interfaces. For the as-deposited samples and the 600°C-annealed samples, the XPS spectra showed almost the same single peaks, indicated as the Ni 2p core level. Similarity of single peaks in XPS spectra implies that no marked reaction occurred when the annealing process was performed at 600°C. For the 800°C-annealed samples, the Ni 2p core-level peak shifted toward higher energy and a shoulder could be observed. One peak was recorded at an energy level of 853 eV, which could be attributed to the core level of Ni-Ga compound. 13 Another peak was at the 854-eV energy level, which could be attributed to the core level of NiO x . 7 Obtained results indicate that when annealed at 800°C, NiO x and Ni-Ga phases were formed at the AZO/Ni/p-GaN interfaces. The formation of NiO x was the reason behind the dramatic increase in transmittance of Ni/AZO after annealing at 800°C, as shown in Fig. 2 . In addition, the formation of NiO x also implies that V O in AZO films near the Ni/AZO interface would increase because the V O shows donor-like defects in ZnO films.
14 Therefore, the increase of V O would result in an increase of carrier concentration at the Ni/AZO interface. Furthermore, NiO x can behave as a p-type semiconductor with high hole concentrations at the Ni/p-GaN interface. 15 The formation of Ni-Ga compounds at the Ni/p-GaN interface would result in generation of V Ga at the p-GaN surface, which is known to have acceptor-like defects and is occupied by interstitial Mg during the thermal annealing process, leading to an increase in hole concentration. 16 All of the steps described above can potentially improve the I-V characteristics of 800°C-annealed samples.
Conclusion
In our research we have investigated the effects of thermal annealing on the I-V characteristics of AZO and Ni/AZO transparent films deposited onto p-GaN. Our study shows that postdeposition annealing can improve the crystal quality of AZO films. Both asdeposited and annealed AZO films exhibited high transmittance ͑Ͼ85%͒ in the wavelength range of 400-700 nm. Although the initial transmittance of as-deposited Ni/AZO films was only about 70%, the 800°C-annealed samples showed a transmittance higher than 90% in the visible wavelength range and exhibited linear I-V characteristics. The specific contact resistance was examined by TLM and was estimated to be around 1.2 ϫ 10 −2 ⍀ cm 2 . Based on the XPS measurements, enhanced electrical properties on the 800°C-annealed AZO/Ni/p-GaN contacts could be attributed to the strong interfacial reactions. 
